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SHOCK INITIATION OF PENTAERYTHRITOL TETRANITRATE CRYSTALS:
OPTICAL ABSORPTION AND EMISSION STUDIES

R. N. MULFORD, J. J. DICK, and D. R. PETTIT
Los Alamos National Laboratory, Bex 1663, Los Alamos, New Mexico 87545*

Absorption and emission spectra of initiating erystals are obtained at two timnes during initiation, and a time-
resolved record of integrated light is obtained during plane-wnve shock initiation of single erystals of PETN at
4 GPa. Time-resolved photodiode records clearly show an induction time during which the erystal becomes
abrorbing, a region of increasing cmission with increasing shock travel time, and termination of emission by
the returning rarefaction. Evidence exists for emergence of a superdetonation wave at least 1.5-mm behind
tae shock front. Resolved spectroscopic records identify the absorbing region as shocked PETN, and suggest

evolution of NO; and NO as part of the early chemistry in the initation.

1. INTRODUCTION

Shock initintion sensitivity of single crystals of
pentuerythritnl tetranitrate (PETN) has been exten.
sively studied.’33 It has been shown that PETN seu-
sitivity depends on the orientation of erystal axes rel-
ative to the direction of shock propagation, with the
< 110> orientation proving most sensitive.? An anoma-
lonsly high sensitivity of the < 110> orientation around
4 GPa cortesponds with livht emission, as dotennine.d
in photographic (framing camera) record., oggesting
the utility of apectroscopic experiments in determining
the mechanism of initintion.

Behavior at 4 GPa nas been studied in detanil using
uptical absorption and einission spectroscopy as part of

a thorough study.4

2. EXPERIMENTAL

PE'TN crystals were shocked with plane waves gen-
erated in a single stage light gan gun at pressures he
tween 3458 and .37 GPa. Absorption kpectra were
measured during shock traversal of the erystal using
A projectile with an ivternal mirror to diteet illumirn
tion fromn o TOOOAY are lnmp throngh the erystal. A
field lens wd nomittor diveet the trmsmitted light to
detection opties. Finission spectin were ineasnred sim
ilnrly, without the sllwnination mirtor. The spectram

wan dispered with a 1 monochiometenr and aequived

at two times with two opticul multichanne! analy 2ery

with image iutensifiers,

3. RESULTS AND DISCUSSION

Time-resolved records were obtained from phota
diode output voltages. Photodiode records for severnl
experiments are shown in Figure ). Absorption expey
iments are chinracterized by non zero initial inteasity,
as the arc lamp shines thiongh the unshocked cr_\'.slul.
Transmission i extinguished 0.2 to 0.3 jisec after the
shock wave enters the mate rinl, and is replaced by emis-
sion of linearly increasing intensity which overtakes the
intensity of the are lamp signal. The emission spee.
truin confirmn that this light has its origin within the
shicked crystal, Absorption and emission records nre
considered to be indistinguishable after the first 02 o
0.3 jisee, sinee the opneity of the shocked erystal ter
nonates light from the me lomp. Two resoads show
an inflectio  on the vise and a single peak  The other
records show & domble peak stiucture, tollowed by o
deeny. This deeay in init lly exponentinl, and imny or
may not eontinue to zero light level.

Annlyrin of the data in facilitnted by compari
sott of the record with tie x t dingran, as shown in
Figure 2.

The induction time i r emission is consistent with

a zone of highly abwnhing shocked PETN existing

*\Wak wan perforied under the anspicen of the U8 Depiitiment of Eneigy.
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FIGURE 1.
Photodiode records from several absorption and
emission experinients.

‘mmediately beliind the shock wave, with o thickuess of
1.2 mm for <001> and 0.6 mm for <110>. This carly
nbsorbance is most likely attributable to the increised
ahsorption observed across the cutire visible spectrum
for shocked PETN.Y possibly due to scattering from
inhomogeneities generated during inelastie deformation
in the shock, This phenomenon is coasistent with other
ohserviitions? of an 0.2 sisee induction time for reaction

obk rved in other experiments.

Finission intensity is approximately linear with
shock run distance, suggesting linens huildup of light
with linea inerense in thickness of emitting species.
That the shape of the ise does not reflect the exaistenee
of the nhsorbing tegion, except at its start and finsh,
mdicates that the absbing vegion behind the shoek
mainthing a constant thickness. The slight inflection
w photodiode tecorid for shots at 4.2 and 4.4 GPa e
sults from arvival of a racefaction wave at the PETN
anvil interfuce, at the back of the shocked region in the
PETN. ‘T'hat thix hiw an iimmedinte effeet on the inten
ity indicntes that s pmtrivial fraetion of the emitted
light hinx i« souree desp in the shoeked 1egion, in this
enre, at lenst 2.1 to 2.8 mm behind the shock fiont
Other evidence for epivsion from a broad zone behind
the shock fiont ineludes the exponentinl deeny of de

teeted light inteasity on mivival of the rarefaction.

Comparison of photodiode records and x-t dia-
grama for the shock experiments producing them shows
that the maximum in emission intensity occurs about
0.15 us2c after the arrival of the shock at the {ree
boundary of the erystal and the start of the rarefaction.

This time interval is exactly half the time required
for onset of emis:ion in any particular experiment. This
behavior is consistent with an absrbing zone occupy-
ing 0.75 to 1.5 mm (0.20 to 0.40 usec) behind the shock.
The returning rarefaction first passes through this ab-
sorbing region, then, at a penctration depth of 0.6 to
0.8 mm, begins to quench the emisnion, travelling back
through the emitting material. A mooth decay iy ob-
served as the returning rarefaction progresses, which
confirms that the reaction is evolving at a rate suffici-
ent to reach a steady state inte asity before arrival of the
rarefaction. Figure 2 shows correlation of the x-t dia-
gram with the photodiode record for the 3.5 GPa ex-
periment. Other photodiode records show longer decay
prriods before arrival of the superdetonation wave, The
record at 4.2 GPa shows a flat region that corresponds
to the dovelopment of the intermedinte- velecity shock.

FIGURE 2.
Corvelation of photodiods record with x t dingiam
for exprritent.



A second peak is visible in shots G753 and G784,
shown in Figure 1, out wot in -hots G781 and G782
This second peak can he correlated with the expected
intersection of the superdetonation and the rarefaction.
The emergence of the superdetonation as a peak in the
intensity supports the idea of continning reaction of
the matenal brhind the shock, which is developing into
the superdetonation. In G782 and G781, where the su-
perdetonation does not develop in time to be observed,
the light level returns to zero as the rarefaction com-
pletes its return through the PETN crystal.

Absence of the superdetonation in shots G781 and
G782 may further suggest the importance of continuing
reaction in the shocked material in promoting develop-
nent of the superdetonation.  In both shots, the re-
turning rarcfuction from the fused silicn anvil reduces
the pressure ot 0.75 and 0.66 psec behind the shock
wave, respectively, 0.25 to 0.4 psec hefore the antici-
puted onsect of superdetonantion, if the superdetonation
wave is imagined to criginate at the back surfrce of
the crystal, at the earliest possible time. The drop in
pressure deep within the shocked region apparently iu
hibits emergence of the superdetonation on the usual
timesenle,

Considerntion of the data in ters of v more so-
phistiented model for emergence of tue superdetonation
i hotogeneous initiatio,, leads to cen more satisfne-
tory rorrelntion between the x-t dingriuns nnd the data
Gradunal incrense in veloeity of the reactive wave ex
plains why the oneet of the second enission peak ocenrs
after the wnticipated start of n linenr supetdetonation,

From the Deer-Lumbert Law, the exponential de
eny of the emission intensity 3s consistent with ligit
from a souree of constanl intensity passing thiough a
region of linearly inerensing denth with extinetion co.
efficient ¢:-1.33 10 2 ¢qu?. For compaison, 5.61 10
em? in the upper bound for e in the spectial aegion
above A 33 omin unshocked materinl.® This Gt
of 20 between extinetion coeflivients is consistent with
the value of abaut 40 obtained from comparivon of ab
sothinee of PETN shocked in woningup experiment with

nhorbanee of unshoched materin.

Deviations from irue exponential decay indicate
bright emission at late times, as the rarefaction sam-
ples material at increasing depth in once-shocked ma-
terial. Where a superdetonation ean forn, these devia-
tions from exponential deeny Lecome large, indicating
that the rarefaction does not completely quench the su-
perdetonation. Nonlinear distribution of light intensity
behind the shock. increasing to the level of a superdet.
onation, is consistent with more sophisticated models
describing the gradual increase in amplitude of the re-

active wave.

2.1. Spectra

Spectrally resolved emission records suggest the
identity of the emitting species. Sinee decompasition
is underway in the process of shoek initiation of deto
nation, the radiance is probably due to chemilumines.
cenee from species generated by PETN decompaosition,
The shoek-induced temperature rise in the bulk is only

shout 100 *C,

The spectral tecords shown in Figure 3 are treated
e sthsorption and emission peetra superimposed, with
eutoff of light at 320 nm attributed to self-absorption
by shoeied PETN in the dink 2one preceding enis
siot, &5 well s to the noshocked PETN, according
to the absorption profile detenmined in the ringup ex.

periment Where both this dark zone and anshoeked
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FIGURE S
Specirndly 1eaohved emission from PETN shocked
to J.4h Gl



material are eliminated in the 1ingup experiment, the
cutoff is shifted cecordingly to 270 nm, and the total

intensity is incrensed.

In records from experiinents G782 and G781, the
cutoll appears to shift as the absmprion edge is <atn-
rated by incrensingly bright emission Fiission profiles
suggest the NQy A12D;) state as the emitting species,
as the NOy A(?B2) - X(*A(] trunsition is most often
observed nnd exhibits a broad profile like that evident
in emission from photodissocintion of nitromet hine 8
in which spectra of NO; A -X emision me obsrved
These spectra have a band maxinnun of abont GO nm,
whereas 470 nm & e maxiuam obeerved in this ex-
periment and in the spectiinm of NOy avising fiomn a
detonnting hexaniteostiliene free smfoce.” Very high
local temperatutes in the PETN erystal may aeconnt
for this shift. o1 <hoek induced protile broadening re
sulting fom changes in the moleenlan potentials unde
shock conditions® ay contribute, Al they are exeep
tionally large in this case. A more stuking diserepaney
between the data nnd the spectrun expected for the
NO, AR . X15A ) tinnsition i the epission in the
region helow 390 nm, which should be termnatad by
predissocintion of the NQ; A state. Possibly, o sec
ond enntting spevies gives light below 390 nm. Emis
sion for the NO BRI, «X(7H,,) tnnsition: has
been obaerved hetween 240 um ane 520 nin, peaking at
390 um.? and conld neconnt for light obsetved hetween
390 nm and 270 nm The <hont timescale on wlieli the
NO mnnt emerge makes NO unlikely to e aosecondary
product. The formation of hoth NOj and NO is consis
tent with moleeular wechunies expected in deformntion
of the erystal along lip planes.t No other evidenee for
formation of NO is available, The relatively short 0.2
pinee lifetime of the NO 13 state may peemit NO to ex
hibit emission intensity higher i that of NO, ont
of praportion to it elative abimvlanee,

Sinee the shoek enetgy, abont 1987 em ', in in
sullicient to ditectly oxcite NO, nbove the fist few

vibuntional states, produetion of electiomically exeited

NO; must depend on a specific reaction mechanism for
the decomposition of the shocked PETN, for example,
a mechanism by which the mnleculir mechanical pro-
cesnes localize the shock energy in particulin reactive
mudes. Moleeulur distortion along glide planes in the
erystal, besides being correlated with the shock initia
tion sensitivities of the oricntations, may be governing
the geometry of the decomnpusition mechanism at the

molecular level,

4. SUNMMARY

In the initintion of PETN riystals ot about 4 GPa.
integiated light levels canelated with the shock state of
the material indicate that light =mission ocenrs Lelind
the shock wave, increases ns supepdetonation oceurs,
and deerennes when rarefactions reduce pressure. The
source of the light may be related to the chiemical ori-
gin of the intintion process, Resolved spectra of the
enmission indicate that it is due to exeited NO, and
possibly NO. Appearunce of these species is consistent
with molecular interactiona expected for motion alomg

glide plines in the < 110 aned < (01°- orientutions.,
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